MP2/aug-cc-pVTZ calculations have been performed on p-hole triel-and chalcogen-bonded complexes involving a heteroaromatic compound. These complexes are very stable with large interaction energy up to À47 kcal mol 
Introduction
Intermolecular interactions play a crucial role in chemistry, biology, and materials science;
1-3 they can lower the activation free energy of a reaction, 4 govern the conformational stability and biological activity of proteins and other biological macromolecules, 5 and modulate the functions and properties of materials. 6 Other than the most important and prevalent intermolecular interaction, i.e., the H-bond, more types of intermolecular interactions have caused considerable interest.
7-10 Herein, we focus on chalcogen and triel bonding interactions, wherein the group V and III atoms act as a Lewis acid center to bind with a base. 11, 12 For most of the cases, the origin of the acidic center of a chalcogen atom can be traced back to the presence of a region with positive electrostatic potentials (s-hole) in the outer regions of a Ch-R bond. 13 For a triel atom, this region is oen vertical to the planar molecule or a planar portion of a molecular framework (p-hole).
14 Some group V molecules, such as SO 3 , also have such p-holes. 15 It should be pointed out that the p-hole triel bond has a completely different nature from the p-hole in chalcogen bond since in the literature, a triel bond is referred as a dative bond. 16 Due to their importance in crystalline materials and biological systems, many studies have been conducted on chalcogen bonds by means of experimental and theoretical methods. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Chalcogen-bonded complexes of SOF 2 , SOFCl, and SOCl 2 with a series of N bases are stabilized by coulombic attractions of N to the s-hole opposite the S atom as well as by the Lp N/s* (S-Z) electron transfer (Z ¼ O, F, Cl). 17 Tetravalent SF 4 also has one s-hole along the extension of the S-F bond, and the strength of chalcogen bonding between tetravalent SF 4 and amines is similar to that with divalent SF 2 . 18 In realizing its functions in crystalline materials and biological systems, chalcogen bonding oen coexists with more than one interaction including that with itself, exhibiting cooperative effects. For instance, bidentate chalcogen bonding increases the association constant by an order of magnitude in binding of peruoroaryl-substituted tellurophenes with an anion. 19 Thus, substantial theoretical attention has been paid to the cooperative effect of chalcogen bonding with itself and other types of interactions, TrR 3 exhibits substantial deviation from the planar one, and it becomes more prominent for a stronger triel bond. There is clear difference between the solid-and gas-phase structures of HCN/BF 3 , which is mainly caused by the cooperative effect in the solid. 42 Thus, there is growing interest regarding the cooperative effect of a triel bond with itself and other interactions. [43] [44] [45] [46] [47] [48] In BF 3 /NCH/NCH, where a triel bond and a hydrogen bond coexist, both B/N and H/N distances are shortened, but the shortening of the B/N distance in the stronger triel bond is larger than that of the H/N distance in the weaker hydrogen bond. 43 This abnormal result is also found in similar complexes composed of a triel bond and a halogen bond 47 or a pnicogen bond.
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In this paper, we study the interplay between the triel bond and chalcogen bond in the complexes of pyrazine, 1,4-dicyanobenzene, and 1,4-benzoquinone as well as their derivatives. These three molecules are oen used in studying the cooperative effects between an anion-p interaction and other interactions including hydrogen bonding, 49 halogen bonding, 50 chalcogen bonding, 51 pnicogen bonding, 52 tetrel bonding, 53 triel bonding, 54 and metal-Lp interactions. 55 It should be noted that there are two important reviews on cooperative effects. 56, 57 Their derivatives contain 4-BH 2 -pyrazine, 4-BF 2 -pyrazine, 1-CN-4-BH 2 -benzene, and 1-CN-4-BF 2 -benzene although these molecules are not found in the Cambridge Structural Database. We focus on the comparison of the strengths of triel bonding among these molecules, comparison of the strengths of chalcogen bonding among these molecules, and interplay between triel bonding and chalcogen bonding. The results are estimated by means of binding distances, interaction energies, and electron densities. To reveal the mechanism for the cooperative effects in these systems, charge transfer and molecular electrostatic potentials are analyzed for these complexes.
Theoretical methods
All the calculations were performed using the Gaussian 09 program. 58 All the complexes were rst optimized using the second-order Møller-Plesset perturbation theory (MP2) level with the aug-cc-pVDZ basis set. Frequency analysis at the same computational level was then applied to conrm that the optimized geometries corresponded to stationary points with no imaginary frequencies. Finally, the complexes with MP2/aug-ccpVDZ geometries were again optimized at the MP2/aug-cc-pVTZ level. The interaction energy (DE int ) in the binary system was obtained by subtracting the energies of the monomers frozen in the complex from the energy of the complex. If the energies of the optimized monomers are used as the reference, the binding energy (DE b ) can be calculated. The difference between DE b and DE int is denoted as the deformation energy (DE). Both DE b and DE int were corrected from the basis set superposition error (BSSE) by the counterpoise procedure suggested by Boys and Bernardi. 59 The total interaction energy (DE total ) in the ternary systems and the interaction energy between the molecule pair were calculated with a similar supramolecular method using the following formulas:
where the energies of the monomers and dyads are from the ternary complex. The interplay between the two interactions in the ternary system was estimated with cooperative energy (E coop ), which was obtained by
here, DE A-B and DE B-C are the interaction energies of the optimized binary systems, and DE A-C is the interaction energy between the two unbonded molecules in the ternary system. Molecular electrostatic potentials (MEPs) were computed on the 0.001 au electron density contour at the MP2-aug-cc-pVTZ level with the Wave Function Analysis-Surface Analysis-Suite (WFA-SAS) program. 60 The topological analysis of all the complexes was carried out using Bader's theory of atoms in molecules (AIM) with the help of the AIM2000 soware. 61 The contour of the Laplacian of the electron density was plotted by the Multiwfn soware.
62 Natural bond orbital (NBO) analysis was performed at the HF/aug-cc-pVTZ level via the NBO 3.1 procedure included in Gaussian 09 to analyze charge transfer. Fig. 1 shows the MEP maps of the studied monomers. For BH 3 (2), BF 3 (3), and SO 3 (4) , there are two p-holes (red region) along the vertical direction of the molecular plane. The most positive MEP on the p-hole is larger in BF 3 than that in BH 3 , which is consistent with previously reported results.
Results and discussion

MEPs of monomers
14 The most positive MEP on the p-hole is almost equal for BF 3 and SO 3 . The p-holes in BH 3 /BF 3 and SO 3 thus can form a triel bond and a chalcogen bond with a base, respectively. A blue region with negative MEPs is found around the N/O atom for NH 3 (1), pyrazine (5), 1,4-dicyanobenzene (6), and 1,4-benzoquinone (7). Due to sp 3 hybridization, the N atom of 1 has larger negative MEP than those for 5 and 6. It is thus not difficult to understand the fact that NH 3 oen acts as the Lewis base in intermolecular interactions. The N atom of 5 has smaller negative MEP than that for 6 due to greater delocalization in the former. In 8-11, a red region (p-hole) and a blue area are found on the B and N atoms, respectively. The p-hole on the B atom in 8-11 has smaller positive MEP than those in 2 and 3, indicating that the aromatic ring is electron-donating. The stronger electron-withdrawing ability of CN in 9/11 results in larger positive MEP on the B atom relative to that in 8/10. The negative MEP on the N atom in 10/11 is smaller than that in 8/9 due to stronger electronwithdrawing ability of BF 2 . Fig. 2 shows the optimized structures of ten triel-bonded dyads. These structures have approximate C s symmetry. The plane of symmetry is along the aromatic ring in ZB-2, ZB-3, ZB-5, and ZB-6, whereas it is vertical to the aromatic ring along the B-N-N or B-C-N axis in the other dyads. A clear change in geometry is that the B-containing molecule deviates from the planar structure, and this phenomenon is oen observed in triel-bonded complexes.
Triel-bonded dyads
14 The B-C bond exhibits smaller deviation than the B-H/F bond in ZB-8, ZB-9, ZB-10, and ZB-11 due to the stronger B-C bond. To estimate the deformation of the B-containing molecule, we list the average of the three N/B-H/F angles in ZB-1 to ZB-6 except the average of the two N/B-H/F angles and one N/B-C angle in the other dyads ( Table 1) . The deformation is larger if this average value has larger deviation from 90
; this value is larger than 90 for all the complexes. Thus, the B-containing molecule exhibits deformation. The largest deformation is found in ZB-1, whereas the smallest one is found in ZB-5. It is noted that such an indicator is only an approximate estimation of deformation. The binding distance is also shown in Fig. 2 . The B/N distance is in the range of 1.576-2.221 A, whereas the B/O distance varies from 1.655 A in ZB-3 to 1.722 A in ZB-6. These distances are much shorter than the sum of the van der Waals (vdW) radii of the corresponding atoms (3.68Å for B/N and 3.66Å for B/O), which indicates that the triel bond is very strong. ZB-2 has shorter distance than ZB-1, whereas ZB-5 has longer distance than ZB-4; the former is consistent with negative MEPs on the N atoms of 5 and 6, whereas the latter shows an inconsistent change. The F-substitution lengthens the binding distance, which is inconsistent with the changes in the positive MEP on the B atom. This implies that electrostatic interaction is not the sole dominant factor in stabilizing the triel-bonded complexes. Table 1 presents interaction energy and binding energy; their difference is denoted as the deformation energy, which can be is the binding energy corrected for zero-point vibrational energy (ZPE). a is the average of the three N/B-H/F angles in the former six dyads but the average of the two N/B-H/F angles and one N/B-C angle in the latter four dyads.
used to measure the deformation of both the subsystems in the complex. The deformation energy is relatively large, i.e., from 3.10 kcal mol À1 in ZB-5 to 24.47 kcal mol À1 in ZB-4. The deformation energy amounts to 30-68% of the interaction energy; thus, its contribution is very important. Larger deformation energy corresponds to larger interaction energy although they do not have a linear relationship. In the following discussion, the interaction energy is utilized to estimate the stability of the triel-bonded complex. The interaction energy varies from À8.79 kcal mol À1 in ZB-5 to À46.81 kcal mol À1 in ZB-1. When BH 3 and BF 3 are considered, the interaction energy is more negative in the order of ZB-3 < ZB-2 < ZB-1 and ZB-5 < ZB-6 < ZB-4, respectively. Both orders are inconsistent with the negative MEP on the N/O atom; this shows that the N atom of pyrazine has strong affinity toward the B atom, which is similar to that observed for the tetrel atom in tetrel bonds. 63 ZB-7 has slightly larger interaction energy than ZB-8, which is inconsistent with the positive MEP on the B atom. However, the interaction energy and deformation energy in ZB-9 are almost equal to those in ZB-10 although the positive MEP on the B atom is larger in 11 than that in 10. The B-F system has smaller interaction energy than the B-H analogue. Interestingly, the interaction energy reduces by 24.24 kcal mol À1 in ZB-5 when compared with that for ZB-2.
Although the values of the interaction energy and binding energy have large difference in most systems, their variations are similar, and both are thus appropriate for estimating the relative stability of the complex. The binding energy is reduced by 7-18% if it is corrected for zero-point vibrational energy (ZPE). Nonetheless, its variation tendency remains unchanged. For the triel-bonded complexes, the binding processes are exergonic (DG < 0) at 298 K. The entropy change (DS) is negative in the formation of complexes; thus, the DH term is dominant over the unfavorable TDS term. Generally, more negative DG results in stronger triel bond. There are some studies on triel bonds between BH 3 /BF 3 and some small compounds containing N. Herein, we compare our results with those of the previous studies. The interaction energies were calculated to be À44.8, À6.7 and À1.8 kcal mol À1 in the BF 3 complexes with NH 3 , HCN, and N 2 , respectively.
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Thus, the N atoms of pyrazine and NH 3 indicated similar affinities toward the B atom of BF 3 although the latter exhibited more negative MEP due to sp 3 hybridization; moreover, it exhibited stronger affinity toward the B atom of BH 3 than the N atom of NH 3 since the interaction energy was about À30 kcal mol À1 in the latter. 35 For the BF 3 /CH 3 CN complex, two congurations were found with the interaction energies of À7.7 and À8.7 kcal mol À1 . 65, 66 Clearly, its interaction energy was comparable with that of ZB-5. This comparison indicated that pyrazine and 1,4-dicyanobenzene are good electron donors in triel bonds.
A strong triel bond results in substantial charge transfer from the electron acceptor to the triel donor ( Table 2 ). The charge transfer is larger than 0.2e in most complexes except that for ZB-5. The large charge transfer is chiey due to the deformation of monomers; Grabowski stated that the deformation energy is strongly related to the above-mentioned charge transfer.
67 Although no linear relationship is found between charge transfer and interaction energy, they exhibit a consistent change.
The presence of a B/N/O bond critical point (BCP) is used to characterize the triel bond (not shown), and its electron density (r BCP ), Laplacian (V 2 r BCP ), and total electron energy density (H BCP ) are shown in Table 2 . The electron density is in the range of 0.026-0.109 au, and this value is large in most complexes. For all the complexes, V 2 r BCP is positive and H BCP is negative.
Therefore, the triel bond belongs to a partially covalent interaction based on the classication of the interaction suggested by Arnold and Oldeld. 68 The contour plots of V 2 r BCP for the triel-bonded complexes are shown in Fig. S1 . complexes. 70 Previously, the sign of H BCP was used to characterize the covalent properties of a bond. 71 It should be noted that V 2 r BCP is not sufficient to describe a covalent bond including covalent bonds exhibited by elements other than the rst row elements. [72] [73] [74] In addition, in some cases, H BCP gives a highly negative value even for ionic bonds. [75] [76] [77] [78] 3.3. Chalcogen-bonded dyads Fig. 3 shows the optimized structures of seven chalcogenbonded complexes represented from CB-1 to CB-7. These structures also exhibit C s symmetry similar to the triel-bonded complexes, as shown in Fig. 2 . In CB-1, 3, 4, and 6, there are two weak H/O interactions other than the chalcogen bond. The geometry of SO 3 also deviates from a planar structure, and its deviation is estimated with the average of the three N/O/S-O angles (Table 3) molecules is consistent with the deformation energy (Table 3 ). This value is larger than 8 kcal mol À1 in the complexes with the sp 2 -hybridized N atom as the electron donor, whereas it is smaller when the sp-hybridized N atom acts as the electron donor. The deformation energy in the chalcogen-bonded complexes is smaller than that in the triel-bonded complex, that is, the geometrical deformation of the subsystems in the former is smaller than that in the latter. Since the sp 2 -hybridized N atom can lose electrons more easily than the sp-hybridized N atom, the chalcogen bond is stronger in CB-1 than that in CB-2, as evidenced by the shorter N/S distance and larger interaction energy. Similarly, the sp 2 -hybridized N atom in CB-4/6 forms a stronger chalcogen bond than the sp-hybridized N atom in CB-5/7. Similar to that in the triel bond, the oxygen atom of 1,4-benzoquinone engages in a weaker chalcogen bond than the nitrogen atom of pyrazine. The BF 2 substituent decreases the chalcogen bond relative to the BH 2 substituent. Although the p-hole of SO 3 has more negative MEP than that of BH 3 , the chalcogen bond is weaker than the corresponding triel bond; the main reason is the larger deformation energy in the latter. For the chalcogen bond, the binding energy also has a consistent change with the interaction energy, and the reduction caused by ZPE (7-11%) is smaller than that in the triel bond. At 298 K, DG is negative in most chalcogen-bonded complexes excluding CB-3. The positive DG value of CB-3 indicates that the formation of this complex is an endergonic process. The chalcogen bond leads to smaller charge transfer than the corresponding triel bond. However, the charge transfer in the chalcogen bond has a linear relationship with the interaction energy (Fig. S2 †) . The electron density at S/N/O BCO supports change in the interaction energy (Table 4) since they have a linear relationship (Fig. S3 †) . H BCP is negative in all chalcogen-bonded complexes, whereas the values of V 2 r BCP are positive in CB-2, 3, 5, and 7, but they are negative in CB-1, 4, and 6. Therefore, the chalcogen bond exhibits partially covalent interaction in the former and covalent interaction in the latter. The charge transfer values were calculated to be 0.0019, 0.010, 0.015, 0.21, and 0.26e in the SO 3 complexes with N 2 , HCN, CH 3 CN, NH 3 , and NMe 3 , respectively. 16 The larger charge transfer corresponded to a stronger chalcogen bond; thus, we can infer that NMe 3 engages in a stronger chalcogen bond than the other four nitrogenated bases. The charge transfer in CB-1, 4, and 6 is almost equal to that in SO 3 /NMe 3 ; thus, we can infer that the sp 2 -hybridized N atom in pyrazine, 4-BH 2 -pyridine, and 4-BF 2 -pyridine is a good electron donor in the chalcogen bond. The interaction energy is larger than À30 kcal mol À1 in CB-1, 4, and 6. It should be noted that the magnitude of charge transfer is related to the calculation methods used. Fig. 4 shows the optimized structures of ten ternary complexes, where a triel bond and a chalcogen bond coexist. The conformation of the triad is similar to that in a dyad. In the former six triads, the binding distances of both the triel bond and chalcogen bond are elongated relative to that in the corresponding Fig. 3 Optimized structures of the chalcogen-bonded binary complexes. Distances are given inÅ. dyad. Interestingly, the B/N distance is reduced in ZB-CB-2. Moreover, the lengthening of the S/N/O distance is much larger than that of the B/N/O distance in ZB-CB-1, 3, 4, and 6; in the latter four triads, the binding distances of both the triel bond and chalcogen bond are shortened, and the shortening is much larger for the chalcogen bond. Table 5 presents the total interaction energy and the interaction energies of both the triel bond and chalcogen bond. The total interaction energy is dependent on the strength of both the interactions. The change (DDE) in the interaction energies of both the triel bond and chalcogen bond is also listed in Table 5 . DDE is positive for both the interactions in the former six triads, but it is negative for both the interactions in the latter four triads. This indicates that both the interactions weaken from ZB-CB-1 to 6, but they are strengthened from ZB-CB-7 to 10. Generally, the interaction energies exhibit larger change when both types of interactions have comparable strengths. From ZB-CB-1 to 6, both N/O atoms in the central molecule are taken as a double Lewis base to form a triel bond and a chalcogen bond simultaneously; thus, they weaken each other. However, from ZB-CB-7 to 10, the central molecule plays the dual role of a Lewis acid and base to engage in the triel and chalcogen bonding interactions, respectively; thus, they are enhanced. The interaction energy between the two distant molecules is positive in ZB-CB-1 to 6, but it is negative in ZB-CB-7 to 10. Nonetheless, it is small in all the ternary systems.
Interplay between triel bond and chalcogen bond
The interplay between both the interactions can be further estimated with cooperative energy. This term is positive in ZB-CB-1 to 6, but it is negative in ZB-CB-7 to 10, which indicates that there is negative synergistic effect in the former, but positive synergistic effect in the latter. In most cases, this effect is relatively prominent when the strength is sufficiently large for both the interactions. For instance, the cooperative energy amounts to 10.86 kcal mol À1 in ZB-CB-4, where the interaction energies of both the interactions are larger than À20 kcal mol À1 . The cooperative energy corresponds to 1.2-17.7% of the total interaction energy, and it varies in a large range depending on the strength of both the interactions. This percentage in ZB-CB-1 to 10 is smaller than 17-55% in F 3 B/ NCX/NCM (X, M ¼ halogen), where a triel bond and a halogen bond coexist.
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The cooperative effect between both the interactions can also be evidenced by the change in the electron density at the intermolecular BCP in the ternary complex relative to that in the corresponding dyad (Table 6 ). The electron density decreases for both the types of BCPs in ZB-CB-1 to 6, but a reverse result is found in ZB-CB-7 to 10. The change in the electron density supports change in the strength of the corresponding interaction since electron density can be used to estimate the interaction strength. Moreover, the electron density exhibits larger change for the chalcogen bond.
Although deformation energy is very important in the triel bond and chalcogen bond, it was demonstrated that electrostatic interaction is still the main driving force in the formation of both the interactions. 13, 14 To explain the interplay between both the interactions, MEPs in the dyads are shown in Table 7 . The most negative MEP on the free N/O atom decreases in ZB-1 to 6, but it increases in ZB-7 to 10 and thus, the former is a weaker Lewis base, and the latter is a stronger base; the former forms a weaker chalcogen bond in ZB-CB-1 to 6, whereas the latter engages in a stronger chalcogen bond in ZB-CB-7 to 10. The most negative MEP on the free N/O atom also decreases in CB-1 to 3, corresponding to a weaker base, and it forms a weaker triel bond in ZB-CB-1 to 6. The more positive MEP on the B atom increases in CB-4 to 7; thus, it is a stronger acid and forms a stronger triel bond.
The interplay between both the interactions can also be understood with a change in the charge transfer (Table 8 ). The charge transfer is reduced for both the interactions in ZB-CB-1 to 6, where it moves from the central molecule to BH 3 /BF 3 /SO 3 . In ZB-CB-1 to 6, the direction of charge transfer is reverse for both the interactions. On the other hand, the charge transfer increases for both the interactions in ZB-CB-7 to 10, where the direction of charge transfer is from le to right for both the interactions. DDE has a linear relationship with DCT for both the interactions, but a better relationship is found for the chalcogen bond (Fig. S4 †) .
Conclusions
Ab initio calculations have been performed for ternary complexes, where both a p-hole triel bond and a p-hole chalcogen bond coexist, along with the respective binary complexes. These p-hole bonds are very strong, possessing numerous characteristics of at least partially covalent interactions. The stability of these complexes is mainly due to charge transfer from the electron donor to the triel or chalcogen donor, caused by electrostatic, polarization, and deformation effects. H BCP is negative for all the complexes; furthermore, V 2 r BCP is also negative for the chalcogenbonded complexes of pyrazine and pyridine derivatives. A comparison of the different hybridized nitrogen atoms indicates that the sp 2 -hybridized nitrogen atom is favorable to bind with the p-hole at the triel or chalcogen center. The triel molecule is more easily deformed to bind with the electron donor than the chalcogen molecule, thus forming a stronger p-hole bond.
Both triel and chalcogen bonds can coexist in the same ternary complex where a heteroaromatic compound is located in the central position. If the central molecule acts as a double Lewis base to bind with another two molecules, both the interactions are weakened, and a larger weakening effect is found for the chalcogen bond. If the central molecule plays a dual role of both a base in the triel bond and an acid in the chalcogen bond, both interactions are strengthened, and larger strengthening effect is found for the chalcogen bond. The cooperative mechanism of both the interactions is mainly governed by electrostatic and charge transfer effects.
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